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 Spatially Selecting a Single Cell for Lysis Using 
Light-Induced Electric Fields 
 Christian  Witte , *  Clemens  Kremer ,  Mayuree  Chanasakulniyom ,  Julien  Reboud ,  
Rab  Wilson ,  Jonathan M.  Cooper ,  and  Steven L.  Neale * 
 The selective lysis of single cells is one of the major bottlenecks 
in the analysis of rare cells or targeted populations in complex 
biological samples such as blood or biopsies, and more espe-
cially so in miniaturized systems [ 1–5 ] . Whilst there have been 
advances in sequencing, [ 6 ] expression profi ling [ 7 ] and metabo-
lite analysis [ 8 ] at the single cell level, new techniques for single 
cell lysis are still challenging. Microfl uidic lysis strategies are 
primarily based on mechanical, [ 9 ] chemical [ 10–12 ] and elec-
tric [ 13,14 ] methods, with a particular focus on bulk sample treat-
ment rather than targeted single cell lysis. Electrical methods 
that aim at single cell lysis require exceptionally good control 
of the position of the cell of interest relative to the microelec-
trodes to trigger lysis. [ 15–17 ] Optical techniques, usually based 
on intense laser excitation (kW), are thought to arise as a 
consequence of the creation of a plasma by energy absorp-
tion in the liquid, followed by the emission of a shockwave 
and a cavitation event, resulting in a mechanical event close to 
the cell of interest (although cavitation bubbles create wider 
lysing areas. [ 18,19 ] Other, alternative methods, involving either 
chemical gradients [ 10,11,20,21 ] or acoustic forces, [ 22–24 ] result in 
responses that are widely distributed in space, leading to lim-
ited specifi cities in a dense or confl uent population of cells. 
 Recently, a new concept based on optically induced elec-
tric fi elds, also called ‘optoelectronic tweezers’ (OET) [ 25 ] has 
been applied to achieve electroporation and lysis for single 
cells. [ 26,27 ] Instead of conventional metal electrodes, a photo-
sensitive material is utilized as a “virtual” electrode. A data 
projector or laser can be applied to selectively illuminate the 
photoconductor, creating localized electric fi eld gradients. Lin 
et al. [ 26 ] demonstrated lysis of oral cancer and fi broblast cells. 
However, a signifi cant lysis rate was only achieved with high 
optical powers of 10 5 W cm −2 and large illumination patterns 
(above 50 µm, for cells with a diameter <20 µm), restricting 
the application of the system to diluted samples with cells 
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considerable distances apart (10s of microns). Furthermore, 
this system required the use of low conductivity solutions and 
exposing samples to non-physiological conditions, causing 
stress to the cells and perturbing intracellular processes. 
 In this work we describe the integration of an amorphous 
silicon (aSi) photoconductor electrode into a microfl uidic 
environment and demonstrate the creation of highly local-
ized electric-fi eld gradients suitable for the selection of single 
cells for lysis from within a dense cell population. Further-
more, for the fi rst time, this single cell lysis method based on 
light induced electric fi elds is applied to both suspension and 
adherent cells under physiological conditions. 
 Compared to previous studies, [ 26,27 ] by reducing the beam 
spot by an order of magnitude to 2.5 micrometers and inte-
grating a microchannel (allowing a reduction in the scale of 
the fl uidic environment), we are now not only able to spatially 
select cells from within dense or confl uent populations, but 
have demonstrated lysis with greatly reduced power densities, 
fi ve orders lower (1 W cm −2 compared with 10 5 W cm −2 ). [ 26 ] 
Although exposing cells to high light intensities, in the range 
of MWcm −2 , can be damaging, [ 28 ] the comparatively low inten-
sities that we use ensures we are well below the threshold 
where the light by itself will affect the cells. The geometric 
aspects of the integrated chip, including the reduced volume 
(and subsequent reduced solution resistances), coupled with 
local changes in impedances induced by the contact between 
the cell and the photoconductor, have all enabled us to per-
form these experiments under physiological conditions. 
 Further, the advantage of our technique over conven-
tional single cell lysis using metal microelectrodes, is that by 
inducing the electric fi eld optically, we have a highly fl exible 
approach where the single cell can be selected in a dynamic 
fashion (see  Figure  1 and Movie M1 in the Supporting Infor-
mation). Transportation, positioning or localisation of the 
target cell, relative to the microelectrode is not necessary, as 
we bring the “electrode” to the chosen cell. Using a simple 
PowerPoint interface with a mouse and data projector, we 
position the optical spot on a displayed image of the cells, 
moving the electrode to the chosen position (see Figure  1 a 
and b). The technique therefore also negates the need for 
additional, complex fabrication and alignment steps in posi-
tioning the microelectrode array within a channel, when 
using conventional single cell electroporation. 
 In our confi guration, we showed that when the beam spot 
is reduced to a few micrometers, the electric fi eld strength 
is highly non-uniform with high magnitudes well defi ned 
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close to the surface of the photoconductor. We evaluated 
the nature of this electric fi eld in our device by performing 
a 2D simulation using COMSOL (v3.5, COMSOL Ltd., UK). 
 Figure  2 shows the simulated electric fi eld contours created 
by a 2.5 µm light spot. Magnitudes of up to 16 kV cm −1 for 
an applied voltage of 20 V and frequency of 25 KHz in a 
low conductivity medium (10 mS m −1 ) can be achieved. The 
Full Width Half Maximum (FWHM) was 4.6 µm (Figure  2 b), 
showing that we can precisely control the electrical fi elds 
with the optical pattern. The transmembrane potential of 
red blood cells (RBCs) placed in this confi guration shows 
a signifi cant asymmetry with respect to the distance to the 
photoconductor, where the membrane closest to the ‘virtual’ 
electrode experiences a much higher drop (Figure S1 in ESI) 
that leads to lysis. Figure S2 in the Supporting Information 
shows that lysis time lies below 1 min, even for the smaller 
sizes (<9 µm), while Figure S3 (and Movie M2) show sequen-
tial targeted lysis in a dense population. These fi gures are dis-
cussed in more details in the Supporting Information. 
 After optimising the operation of the optoelectronic chip 
using a low conductivity buffer (Figures S1-S3), we replaced 
the buffer solution with a physiological, higher conductivity 
medium (>1 S m −1 ). In this confi guration, the applied voltage 
was found to drop mostly across the photoconductor while 
the fi eld in the sample solution was signifi cantly weaker. 
In  Figure  3 a, a comparison of the fi eld produced by 2.5 µm 
beam spot in low and high conductivity buffer shows that 
the fi eld strength in a high conductivity buffer is two mag-
nitudes lower. This suggests that the potential across the cell 
membrane induced by the weak fi eld in the solution would 
not be suffi cient for lysis. [ 29 ] 
 However, as the cell membrane is a good insulator, the 
close distance between cell and photoconductor will change 
the impedance at the interface photoconductor/liquid signifi -
cantly (the impedance change on electrodes due to adhesion 
of cells, proliferation or migration and their detection has 
previously been successfully demonstrated by electric cell-
substrate impedance sensing). [ 30,31 ] 
 We modelled the transmembrane potential of the cell's 
dependence on the vertical distance between it and the 
photoconductor and considered the biconcave shape of a 
red blood cell (RBC). The closest distance to the electrode 
we considered was 5 nm and the furthest was 640 nm refer-
ring to the edge of the RBC (see Figure  3 c –physiological 
distances range below 140 nm [ 33 ] . The results of our model 
show that the transmembrane potential is below the average 
threshold voltage for cell lysis of 1 V [ 32 ] for distances of 
>100 nm (Figure  3 b). 
 A signifi cant change in transmembrane voltage was 
observed in the simulations when reducing the cell-substrate 
distance to tens of nanometers. An increase in the potential 
of an order of one magnitude is obtained for gaps <10 nm. 
Previous studies have shown that, for buffer solutions with 
high conductivities, the electrostatic repulsion between the 
cells and the electrode is reduced, which promotes molecular 
contact to surfaces. [ 33 ] Consistent with this, we observe sig-
nifi cant increases in the transmembrane voltage when the cell 
is in close contact with the surface. Furthermore, our model 
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 Figure 1.  Single cell lysis of RBC at 25 KHz 20 V in PBS buffer (see movie M1 in ESI). (a) 2.5 µm beam spot (marked by black arrow) is used for 
selective lysis of target cell (red arrow). (b) Beam spot is focused on centre of cell. (c) Lysis complete after 25s. Scale bar: 25 µm.
 Figure 2.  (a) Simulated non-uniform electric fi eld (kV cm −1 ) created by 2.5 µm spot in the microchannel (35 µm distance between the ITO electrode 
and photoconductor) when a voltage of 20 V and 25 kHz is applied. (b) Corresponding FWHM of the area of higher electric fi eld created by the 
2.5 µm light spot.
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shows a signifi cant potential change in the liquid underneath 
the cell, which arises as a consequence of the high impedance 
of the cell membrane, which is dominating at close distances, 
and which results in an increased voltage drop and fi eld 
strength at the interface. 
 Figure  1 (and Movie M1) confi rms the simulations, 
showing the successful targeted lysis of RBCs suspended in 
high conductivity media (PBS), using a 2.5 µm diameter beam 
and an applied voltage of 20 V (25 KHz). The time for lysis 
was <1 min. The process is linked to the irreversible forma-
tion of pores, causing the release of intracellular components. 
RBCs are well suited for observing the loss of cellular integ-
rity, as the high intracellular concentration of haemoglobin 
produces a strong contrast relative to the surroundings, when 
the cell is intact. Figure  1 shows that the targeted cell lost its 
contrast and faded away over time, leaving behind only the 
empty membrane or “ghost” of the cell. 
 Furthermore, while suspension cells, including circulating 
cancer cells or white blood cells are interesting targets for 
single cell studies, [ 34 ] the majority of the mammalian cells 
grow on surfaces. If adherent cells need to be transferred into 
an analytical device by suspending them fi rst, the activation 
of signalling pathways related to the environmental change 
can lead to perturbation of biological processes and might 
infl uence the experimental outcome. [ 35 ] Therefore, a planar 
substrate onto which cells adhere prior to lysis can improve 
the biological quality and relevance of the analysis. The 
amorphous silicon we use as a photoconductor has a thin nat-
ural oxide layer on its surface, so that the cells are grown on 
a glass-like surface, a commonly used cell culture substrate. 
 We show the fi rst demonstration of lysis of adherent cell 
lines with light-patterned electrical fi elds. Breast cancer cell 
line (MCF7) was injected into the chip and incubated over-
night (37 °C, 5% CO 2 ), resulting in small clusters of cells on 
the photoconductor surface immersed in cell culture medium 
(0.95 mS m −1 ). We used a 5.5 µm diameter optical spot to 
verify if lysis could be achieved. In  Figure  4 (a-c), a large 
cluster of cells is lysed within 80 s, by moving the light spot 
over each cell, while selective lysis can be easily achieved 
by only pacing the light spot on a single cell, as shown in 
Figure  4 (d-f), where a MCF7 cell in the centre of a cluster is 
lysed within 35 s. 
 This study shows that light patterned electrical fi elds 
can be used for single cell lysis, in dense populations of 
cells, and uniquely, under physiological conditions. A well-
defi ned high electric fi eld area was created by using a small 
optical spot (2.5 micrometers in diameter) and integrating 
the photoconductor into a microfl uidic chamber, thus 
reducing and precisely controlling the distance between 
the top and bottom electrodes. Selective lysis of target cells 
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 Figure 3.  (a) Comparison of simulated electric fi eld strength created by a 2.5 µm beam spot in low (10 mS m −1 , black curve) and high (PBS, 
1.4 S m −1 , red curve) conductivity buffer is dependent on the distance between the amorphous silicon (aSi) layer and the ITO electrode. Inset shows 
detailed view of red curve. (b) Modelled transmembrane voltage of a RBC in PBS. The distance between the cell and the photoconductor surface 
was varied between 5 nm and 640 nm. (c) Plot of the electrical potential around a RBC that is 5 nm above the photoconductor at the closest (edge 
of RBC) and 700 nm at the furthest point (centre of RBC). A frequency of 25 KHz and an applied voltage signal of 20 V were used.
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in physiological solutions was achieved within 1 minute of 
exposure and this was demonstrated on non-adherent cells, 
RBCs, and on adherent cells, MCF7s. We propose that the 
ability to lyse cells in high conductivity solution is linked to 
the decreased distance between the cell’s membrane and the 
photoconductor, which causes a greater potential drop across 
the membrane. As the surface of our device is a fl at glass-
like layer, it provides a promising system for the growth of 
adherent cell lines and their precisely controlled, selective 
lysis, releasing their intracellular contents for further biomo-
lecular analysis. 
 Experimental Section 
 Optoelectronic Chip Fabrication : Indium tin oxide (ITO) coated 
(600 nm) microscope slides (25 × 75 × 1 mm) and cover slips 
(22 × 40 × 0.17 mm) (diamond coatings, UK) were used for the 
fabrication of the optoelectronic chip. The microscope slides were 
coated with a 1 µm amorphous silicon (a-Si) layer by plasma-
enhanced chemical vapour deposition using pure silane gas 
(10 W, 300 mTorr, 250 °C, 15 sccm). The substrates were then used 
to create a sandwich structure with a negative photoresist. SU8 
3050 (MicroChem Corp., USA) was spin coated (4000 rpm) onto the 
a-Si modifi ed microscope slide and placed on a hotplate at 95 °C. 
 The ITO coated cover slip containing predrilled holes (to 
enable microfl uidics interconnects) was bonded immediately to 
the uncured SU8 fi lm by carefully placing it on top. This was fol-
lowed by a soft bake at 95 °C for 25 minutes. The SU8 photoresist 
was exposed (MA6 mask aligner, SÜSS MicroTec AG, DE) through a 
polymer-emulsion fi lm mask aligned to the predrilled holes in the 
cover slip for 60 seconds. A post-exposure bake at 65 °C for 2 min-
utes and 95 °C for 5 minutes was performed prior to developing 
the unexposed SU8 through the drilled inlet and outlet holes using 
Microposit EC solvent (Shipley, USA). 
 The fabrication process in itself is novel, providing a method to 
integrate an optelectronic substrate within microfl uidic channels 
and achieving bonding and packaging, in a single step. Previous 
techniques used a subsequent bonding step after photopatterning 
of the resist. [ 26,27,36 ] An epoxy glue was applied to the resist to 
enable the assembling of the electrode substrates. The need for a 
precise application of the glue and the bonding of the substrates 
without unwanted fi lling or blockage of the channel by the epoxy 
glue make this technique cumbersome. Importantly, our technique 
provides control over the dimensions of the fl uidic channels and 
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 Figure 4.  MCF7 cells adhered to the surface of the photoconductor and immersed in culture medium inside the optoelectronic chip. (a-c) A 5.5 µm 
beam spot is used to achieve lysis within 80 s in a cluster of cells at 25 KHz, 20 V. (d-f) A cell in the centre of a cluster is targeted and lysed using 
an applied voltage signal of 20 V at 25 KHz. Lysis is achieved after 35 s. Scale bars: 30 µm, see movies M3 and M4 in ESI.
 Figure 5.  Cross sections of optoelectronic chip showing (a) SU8 
photoresist sandwiched between the electrode substrates and 
(b) expanded view of the bottom electrode substrate with amorphous 
silicon (a-Si) and indium tin oxide (ITO) layer. Scale bar 100 µm and 
5 µm, respectively.
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voids, which have a signifi cant impact on the electric fi eld strength 
(see Figure S1 and accompanying discussion in ESI, where we 
show how transmembrane voltage is dependent upon geometric 
dimensions under constant electrical parameters). In this work, 
the resulting height of the microfl uidic void was 35 µm, giving an 
experimental cell chamber volume of 740 pL.  Figure  5 (a-b) shows 
the cross section of the sandwich structure and the electrode 
layers in the optoelectronic chip. 
 Electric connections were made via exposed ITO areas using 
silver paint (Agar Scientifi c, UK). The microchip was connected to 
a function generator (TG5011, TTi, UK). An Olympus microscope 
(BX52, Olympus, Japan) equipped with a dual port (U-DP) and an 
Orca Flash4.0 CMOS-camera (Hamamatsu, Japan) were used for 
recording. A DELL data projector (Dell 1510X) connected to a PC 
with presentation software (Microsoft PowerPoint) was used to gen-
erate virtual electrode projections through a 40× objective (PlanN, 
NA: 0.65, FN: 22, Olympus, Japan) onto the photoconductor. The 
positions of the lysis spots were simply controlled by mouse move-
ment or arrow keys on the keyboard. Figures  1 and  4 show results 
of experiments using upright brightfi eld refl ective microscopy with 
varying brightness levels. 
 Preparation of Cells : Human blood samples were provided by 
the local Blood Transfusion Service (Glasgow) and were stored at 
4 °C prior to use. For low conductivity media experiments, blood 
cells were washed once in PBS, followed by three washing steps in 
a buffer solution made of 8.5% w:v sucrose, 0.3% w:v glucose and 
3 mM Hepes (pH 7.4, 10 mS m −1 ) at 1500 rpm for 5 min. For the 
experiments in PBS buffer, blood cells were washed once in PBS. 
Blood samples were manually introduced in the microchip using a 
pipette. 
 MCF7 cells were cultured in DMEM containing 10% fetal calf 
serum (v:v), 4.5 g l −1 glucose, 2 mM L-glutamine, 1% penicillin 
and streptomycin (v:v). After manual injection of the MCF7 cells, 
the optoelectronic chip was placed in a petri dish and incubated 
overnight at 37 °C (5% CO 2 ). The morphological change of a cell 
upon exposure to the electric fi eld was monitored and timed (see 
movies in supporting information). 
 Simulations of Electric Fields and Membrane Potentials : Simu-
lations for electric fi eld strength and transmembrane potentials 
in RBCs were performed using COMSOL (v3.5, COMSOL Ltd., UK). 
A 2D cross sectional model of the chip and a single-shelled RBC 
were used to simulate the electric fi elds and resulting trans-
membrane potentials. The thin outer shell represents the cell’s 
membrane (7 nm lipid bi-layer) and the core represents the intra-
cellular contents (cytosol).  Table  1 shows the parameters used. 
The conductivity of the amorphous silicon was expressed as a 
saturated Gaussian (whose maximum corresponds to the illumi-
nated areas on the photoconductor, produced by light from the 
data projector). [ 37 ] 
 Supporting Information 
 Supporting Information is available from the Wiley Online Library 
or from the author. 
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